Abstract: Magnetic analogue of electronic gates are advantageous in many ways. There is no electron leakage, higher switching speed and more energy saving in a magnetic logic device compared to a semiconductor one. Recently, we proposed a magnetic vortex transistor and fanout devices based on carefully coupled magnetic vortices in isolated nanomagnetic disks. Here, we demonstrate a new type of magnetic logic gate based upon asymmetric vortex transistor by using micromagnetic simulation. Depending upon two main features (topology) of magnetic vortex, chirality and polarity, the network can behave like a tri-state buffer. Considering the asymmetric magnetic vortex transistor as a unit, the logic gate has been formed where two such transistors are placed parallel and another one is placed at the output. Magnetic energy given in the input transistors is transferred to the output transistor with giant amplification, due to the movement of antivortex solitons through the magnetic stray field. The loss and gain of energy at the output transistor can be controlled only by manipulating the polarities of the middle vortices in input transistors. Due to the asymmetric energy transfer of the antivortex solitons, we have shown successful fan-in operation in this topologically symmetric system. A tri-state buffer gate with fan-in of two transistors can be formed. This gate can be used as a 'Switch' to the logic circuit and it has technological importance for energy transfer to large scale vortex networks.
I. INTRODUCTION:
Performance of modern computing devices relies on transport properties of electrons. The components of integrated circuits (ICs) i.e. transistor, diode, logic gate, are driven by the electron-hole pair generation and recombination. However, difficulty arises in semiconductor based nanoscale devices for their significant electron leakage and energy loss. Thus, several attempts have been made to construct all-optical polariton transistor [1] and strain induced logic operation in multiferroic systems [2] for viable large scale integration. Still cascadability is difficult to achieve during the optimization of power coupled from output of one level to the input of the next level. Due to the non-volatile storage capacity, nanomagnets with different aspect ratio [3, 4] have already been exploited for construction of logic devices and simplest OR gate to universal NAND gate have been engineered. Experimental techniques as well as micromagnetic simulations are being used to study magnetic domain wall based logic gates [5, 6] . In addition to these, very recent problems in magnetic skyrmions have opened up new opportunities to establish binary logic operation, using the helicity of anti-skyrmion [7] . In this context magnetic vortex structures [8] have also attracted huge attention for their unique properties. With higher areal density and convenient patterning procedure, magnetic vortex structure provides the dynamic response in GHz frequency [9] regime. Since a magnetic vortex has in-plane chiral spin texture with out-of-plane polarized core [10] , we have freedom of switching the chirality and polarity of vortex core and magnetic analogue of digital circuits can be designed. A new type of energy transfer mechanism has been proposed in a chain of physically isolated magnetic vortices [11] [12] [13] [14] , where core gyration in one vortex can be induced to the neighboring vortices via magnetostatic coupling. Earlier, researchers have numerically demonstrated the logic operation and fan-out in the vortex network but no amplification of the signal was obtained [15] . More recently, the idea of magnetic vortex based transistor operation (MVT) [16] has been surfaced by D. Kumar et al. followed by asymmetric magnetic vortex transistor (AMVT) [17] with enhanced gain in the output, proposed by S. Barman et. al. with a successful fan-out operation. Besides those, H. Jung et. al. have experimentally shown that linearly placed three magnetic vortices can construct XOR and OR gate [18] . Further analysis shows that in a chain of three vortices, current induced gyration in the core of two side vortices can induce gyration in the middle vortex core by the robust mechanism of negligible-loss energy transfer via antivortex solitons [19] . N. Hasegawa also demonstrated by electrical excitation and detection technique an anisotropic energy transfer in magnetostatically coupled vortex pair [20] .
However, the problem of reasonable amount of energy transfer to the side branches of a network during cascading remains unresolved.
A buffer with an active control input serves the purpose of amplified power transfer to large circuit and it also can act as a 'Switch' to the rest of the circuit. If this gate is active in a circuit, it will amplify the input of each cascading unit compensating all possible decays during the transfer of energy through a large network of fan-out branches. On the other hand, if this gate is inactive then no significant power can be transferred to the output despite of the higher strength of principal input. Here we have proposed a magnetic vortex based tri-state buffer using micromagnetic simulation where fan-in operation has been wisely exploited to achieve giant gain at the output of the logic gate. Here, the buffer has high impedance (HZ) state apart from conventional high (1) or low (0) states at the output. The AMVT with inter-vortex separations of 10 nm and 100 nm along with core polarities (1,-1,-1), proposed in our previous work [17] is chosen to be one unit in the tri-state buffer system. To construct a tri-state buffer, an AMVT with polarity combinations (1, 1,-1) was placed in between the two AMVTs with polarity combinations (1, -1,-1) with optimized separation. The idea behind this optimization was to drive the antivortex solitons to symmetrically carry the energy from both the input AMVTs to the output AMVT. The upper branch will act as the principal input and the lower branch will act as a control input (or 'Enable' input). Subsequently, the core polarities of the middle vortices of two input AMVTs are switched in four different combinations as (1,-1), (-1,-1), (-1, 1) and (1, 1) .
When the core polarity of the middle vortex at the lower branch is -1 (i.e. 'ON' state of the control input) the output vortex provides us with either gain or loss, depending upon the 'ON' or 'OFF' state (1 or 0) of upper branch. This can serve as source or sink of power to the rest of the circuit in a large vortex based network. However, when the core polarity of the middle vortex at the lower branch is 1 (i.e. 'OFF' state of the control input) this gate will have HZ state with negligible gain, compelling the system not to be a source or sink in the circuit. Basically, it disconnects the gate from rest of the circuit and can be thought of as a 'Switch'. Therefore, the proposed gate acts as a tri-state buffer with fan-in of two AMVT branches. This gate is similar to that in electronic circuit where tri-state logic gate is implemented in registers, bus drivers, flipflops and also internally in ICs.
II. RESULTS AND DISCUSSIONS:
A disk of permalloy (Ni 80 Fe 20 ; Py hereafter) having diameter 200 nm and thickness 40 nm is used to simulate single magnetic vortex using Object Oriented Micromagnetic Framework (OOMMF) [21, 22] . This vortex has in-plane spin texture with counter clockwise (CCW) chirality and out-of-plane polarized core with polarity either up (P = 1) or down (P = -1). The dimension of vortex core is ~ 20 nm (see supplemental material) [23] . Three such vortices placed in a row with inter-vortex separation of 10 nm and 100 nm form a coupled vortex system with asymmetric separation. If a rotating in-plane magnetic field is applied at the leftmost vortex at the resonant frequency 1.27 GHz, the core starts gyrating in a circular orbit. When the applied magnetic field has an amplitude of 1.5 mT, the motion of vortex core remains in linear regime and vortex core gyration is governed by Thiele's equation [24] . The in-plane components of magnetization oscillate with time and the oscillations get damped eventually. During this core gyration, energy is transferred to right most vortex via the middle vortex. The inherent mechanism for this energy transfer is the movement of antivortex solitons through the stray field [16, 17] . As a result, the cores of other two vortices start gyrating in the same frequency but with different phases. Eventually the system reaches to a steady state.
We investigate the time evolution of spatial average of x-component of magnetization, <m x > for each vortex, and its corresponding energy spectral density (ESD). We normalize the magnetization by dividing the x-component of magnetization M x by saturation magnetization M s .
Subsequently, we performed Fourier transform to obtain the required ESD. The difference of ESD of the rightmost vortex and the leftmost vortex is considered as gain of the system, B output (dB) = ESD output (dB) -ESD input (dB). This actually corresponds to the amount of energy transferred from input vortex to the output vortex or simply the amplification in core gyration amplitude. The gain of the system depends on the amplitude of excitation given at the input, inter-vortex separations, combination of core polarities and aspect ratio of the magnetic disk forming the vortex. This system is shown to behave as an asymmetric magnetic vortex transistor (AMVT) with enhanced gain 28.2 dB in 'ON' state, when the polarity combinations of the three vortices are (1,-1,-1) [17] .
Here, we have used the above mentioned asymmetric magnetic vortex transistor (AMVT) as unit for the fan-in operation. As shown in Fig. 1 We have optimized the distance between two parallel AMVTs (A and EN), aiming to achieve same gain in both the output ends (O1 and O2). This will help to maximize the power transfer from the input circuit to the output of the whole system, when both the input AMVTs will be in 'ON' state.
A. Two parallel AMVTs:
If two AMVTs are placed in parallel configuration (as shown in Fig. 2 (a) ), magnetostatic coupling between the unsaturated spin of the edges of vortices depends strongly on the distance between these branches. During vortex core gyration the dynamic stray field also gets modified according to this coupling and the core polarities also depend on this coupling. Earlier studies on the coupled vortex system have revealed the mechanism behind energy transfer between two vortices when they behave as coupled oscillator [16] . Depending upon the relative core polarities, one primary soliton tries to move and transfer energy from input vortex to the output.
Since the present system consists of many vortices with different core polarities, the energy transfer mechanism will also be much more complicated. To explore the role of inter-branch separation upon the magnetostatic coupling and finally to achieve maximum gain in the output vortices of the two branches, the separation in y-direction (S y ) has been varied from 30 nm to 220 nm, at 10 nm interval. In this case, the separation between two vortices has been increased, so interaction with the antivortex is much less than that in the previous cases. In addition to that, one antivortex soliton is now rotating in a close loop near the M1 and O1 in the upper branch, instead of getting absorbed there. Other two antivortices gyrate freely, modifying the stray field near O2. Another antivortex soliton seems to distribute the energy in two outputs by gyrating in CW direction. A progress towards successful fan-in operation starts from here, because both the output ends achieve large amount of gain though the gains are significantly different.
Finally for S y = 200 nm (as shown in Fig. 3 ), the size of the antivortex gyrating at the leftmost end has decreased and the distance from both the input vortices has been increased, causing lesser gyration amplitude of the input cores. This time the cores of I1 and I2 gyrate in similar amplitude and phase. The antivortices gyrating at the middle of two branches are now covering larger path. Another soliton moving in between M1 and O1 is transferring more energy to O1.
The soliton at the rightmost end is now rotating in a circular path causing uniform distribution of energy in both the output vortices (O1 and O2) and symmetric gains are obtained at O1 and O2. Therefore, we have finally achieved symmetric gains at both the output ends (O1 and O2) by systematically changing the inter-branch separation between two AMVTs.
B. Construction of a tri-state buffer:
We have placed another AMVT with same geometrical configuration and polarity combination (1, 1, -1) with a separation between the rightmost edges of the two input branches and the leftmost edge of the output branch (S IO ) of 10 nm as shown in Fig. 4 (a) . Among the four regions shown in Fig. 2 (c) , we have found region 4 to be most appropriate to construct a logic gate with high contrast between the amount of loss and gain at the output vortices and we have kept the separation along y-direction (S y ) between two input braches to be 200 nm. To initiate the gyrotropic vortex motion and to activate transistor operation at two input branches (A and EN), continuously rotating magnetic field of 1.5 mT amplitude has been applied which is analogous to the biasing voltage of BJT [16, 17] . The cores of I1 and I2 start gyrating and the movement of antivortex solitons in the corresponding stray field transfers the energy to the neighbouring vortices. Finally, after few tens of nanoseconds, the energy distribution process comes to equilibrium. All the cores gyrate at same frequency but different phases and amplitudes. The energy from input branches is transferred to the output AMVT via fan-in mechanism similar to electronic systems. As discussed earlier, the difference in ESDs between O3 and I3 is considered as the gain (loss) at the output end which will be described as 1 (0) states at the output for logic operation. If the core polarities of any or both of the middle vortices in the input branches (A and EN) are switched from -1 to 1, the input AMVTs will not anymore operate in the 'ON' state, but instead they will switch to 'OFF' state [17] . From the above findings, we understand that our system responds differently (logically) to core polarity change of upper (A) and lower (EN) input branches. As a result, this can act as an allmagnetic logic gate. It follows a logic operation, similar to the electronic tri-state buffer. This gate has an extra input called Enable input (EN). Depending upon the signal of EN, a new state at the output (Y) is formed. In conventional buffer, when input signal is high (1) or low (0) output shows the same. At these states, the gate actually works as source or sink to the rest of the output circuit. Energy can flow either to the circuit or can be absorbed. Tri-state logic has high impedance state (HZ) where energy can neither be supplied nor be absorbed in the circuit, when the extra input is not enabled (0). Therefore, this gate can be used as a 'Switch' which can isolate the input circuit from rest of the circuit in presence of an extra input (EN). The logic operation of this system will follow the following table: when there is enormous gain or noticeable loss. However, negligible amount of gain found at the output end is not enough to transfer the energy significantly in extended networks and the corresponding state is the third state, i.e. a high impedance state. Therefore, this system has similarities with electronic tri-state logic gate and this can be a reliable candidate for all magnetic computation.
To gain more gain insight into the energy transfer mechanism in this fan-in based logic operation, we have systematically analyzed the temporal evolution of stray field distribution in Since the direction of core gyration depends upon the core polarity, the direction of core gyration changes when the core polarity of M1 and M2 changes. Adjacent stray field gets arranged in such a way that antivortex solitons try to follow new path. Therefore, the gains in O1 and O2 are found to be quite different this time. Eventually the energy transfer procedure from input to output gets modified. The single soliton in the output branch moves between O1, O2 and I3 quite freely, giving rise to larger gyration radius to the core of I3.. However, when this soliton moves between M3 and O3, it stays in a meta-stable state for almost 0.3 ns. So the core of O3 gyrates with smaller amplitude (radius) and the corresponding power in O3 is 19.0 dB less than that in I3. Therefore, the system is not able to transfer energy any further to extended network. Using logic gates with higher fan-in will help reducing the depth of a logic circuit. However physical logic gates with a large fan-in tend to be slower than those with a small fan-in because of the complexity in the input circuit. Here the fan-in operation demonstrated in the all-magnetic network with two input branches is particularly interesting, because it not only transfers the energy continuously to the output branch but also the output can achieve giant gain when the system stabilizes over nanosecond timescale. Consequently, the construction of magnetic analogue of tri-state buffer (a three-state logic gate) is mainly driven by this fan-in mechanism where a high impedance (HZ) state can effectively remove the device's influence from the rest of the circuit. In case of electronic tri-state buffers, if more than one device is electrically connected to another device, putting an output into the HZ state is often used to prevent short circuits, or one device driving high (1) against another device driving low (0). Those can also be used to implement efficient multiplexers with large numbers of inputs, shared electronic bus etc.
Similarly, magnetic analogue of the three-state logic can reduce the number of branches needed to drive a set of other components in an all-magnetic network.
Conclusion:
In summary, we have constructed an all-magnetic tri-state buffer by using successful fan-in operation in AMVT for the first time and demonstrated the detailed mechanism behind construction of this tri-state buffer. To achieve an appreciable amount of gain and loss during construction of this tri-state buffer, we optimized the inter-branch separation from 30 nm to 220 nm of two parallel input AMVTs with core polarities (1,-1,-1). Subsequently, we found that the gains at both the output vortices in two input parallel AMVTs strongly depend upon the paths of the antivortices rotating between the two branches. In the four different regimes of inter-branch separations, the combinations of loss and gain at upper and lower branches are different. We choose the regime, where the gains are significant in the both the input AMVT branches and this allows significant energy transfer to the output AMVT for a successful fan-in operation.
Subsequently, we construct the tri-state buffer by adding one output AMVT. The extra input is the enable input and the system behaves like a logic gate by following tri-state logic operation similar to the electronic tri-state buffer. The upper input branch acts as the principal input and lower input branch acts as an enable input (EN). The system has three states such as 'transmission' state, 'absorption' state and 'high impedance' state. When 'EN' is in 'ON' condition, the system can behave as either a source or a sink, depending upon the configuration of the principal input. Here the binary state output is similar to the state of principal input. In the 'high impedance' state, 'EN' is in 'OFF' condition and the system neither transmits energy nor absorbs energy. Therefore, this gate can also be used as a 'Switch' to isolate the input circuit from the rest of the circuit. Analysis of the complicated stray field dynamics, creation and absorption of antivortex solitons and their trajectories can explain the inherent mechanism of the logic operation. Optimization of the geometrical structure is very crucial to obtain the tri-state logic operation. Our findings can provide the platform for designing of magnetic vortex based logic gate and can finally lead towards all-magnetic computing devices.
